Biologists are fascinated by species-rich groups and have attempted to discover the causes for their abundant diversification. Comprehension of the causes and mechanisms underpinning radiations and detection of their frequency will contribute greatly to the understanding of the evolutionary origin of biodiversity and its ecological structure. A dated and well-resolved phylogenetic tree of Annonaceae was used to study diversification patterns in the family in order to identify factors that drive speciation and the evolution of morphological (key) characters. It was found that, except for Goniothalamus, the largest genera in the family are not the result of radiations. Furthermore, the difference in species numbers between subfamilies Annonoideae (former long branch clade) and Malmeoideae (former short branch clade) cannot be attributed to significant differences in the diversification rate. Most of the speciation in Annonaceae is not distinguishable from a random branching process (i.e. chance), and no special explanations are therefore necessary for the distribution of species richness across the major part of the phylogenetic tree for Annonaceae. Only for a small number of clades can key innovations be invoked to explain the elevated rate of diversification.
INTRODUCTION
Biologists are fascinated by species-rich clades because their size is associated with evolutionary success (Raikow, 1988) . These clades are often thought to be the result of a radiation. Indeed, studies that invoke radiation as an explanation for the existence of species-rich plant genera are numerous in the literature (e.g. Richardson et al., 2001; Cronn et al., 2002; Rüber, Van Tassel & Zardoya, 2003; Beheregaray et al., 2004; Cieslak et al., 2005; Whittall et al., 2006; Schuettpelz & Pryer, 2009; Valente, Savolainen & Vargas, 2010; Duputié, Salick & McKey, 2011) .
Radiations have also been put forward as an important factor explaining species-rich clades at higher taxonomic levels, such as families (e.g. Davies et al., 2005; Couvreur et al., 2010) , orders (e.g. Davis et al., 2005) or above (e.g. Magallon & Sanderson, 2001; Wang et al., 2009) . However, the term (adaptive) radiation is often uncritically used for any historic increase in species numbers (Skelton, 1993) . Linder (2008) defined the term radiation simply as the increase in diversity in a lineage, and therefore all biological diversity results from radiations. However, this practice erodes the explanatory potential of the term and partly results from the fact that the term radiation is still ill-defined (Sanderson, 1998) . Moreover, the causes of such a supposed radiation are often unclear. It is generally stated that a taxon has the built-in tendency to radiate and proliferate (perhaps because of some presumed key character or historical event) when, merely, it is observed in retrospect that it has done so (Raikow, 1988) . No causal relationship between the observed characters and the diversification of the group is established, making the explanation rather speculative. This is unfortunate because an understanding of the frequency, causes and mechanisms underpinning radiations will contribute to the comprehension of the causes of biodiversity (Seehausen, 2007) .
THE MEANING OF 'RADIATION'
One of the definitions of radiation is 'the evolution of a relatively large, monophyletic group of species or higher taxa within a relatively short period of time' (adopted from Gittenberger, 2004) . If, in addition, character and/or ecological divergence occurs, the radiation can be called adaptive, otherwise it is nonadaptive (Gittenberger, 1991; Sanderson, 1998; Rundell & Price, 2009) . The result of a radiation is a (sometimes large) difference in species numbers between the radiating clade and its nonradiating sister clade.
Differences in species numbers between lineages can arise for many reasons, such as chance, availability of (new) resources, absence of competitors or possession of key innovations (for an elaborate discussion of these factors, see Brooks & McLennan, 2002; Sudhaus, 2004; Seehausen, 2007; Losos, 2010; Yoder et al., 2010) . Thus, biologically, the ancestors of a radiation can be regarded as relatively unspecialized in the first three scenarios, whereas, in the fourth case, they are specialized (Sudhaus, 2004) and would constitute an adaptive radiation. 'Adaptive' is thus about character evolution and 'radiation' is about speciation (Brooks & McLennan, 2002) . Lineage diversification (speciation and extinction) and character diversification (morphological and ecological) should therefore be decoupled (although, inference mistakes can arise if the decoupled characters shaped the phylogeny under study; Sanderson, 1998; Maddison, 2006) . In a radiation of species, many new taxa arise (e.g. flowering plants; Willis & McElwain, 2002) , and a radiation of adaptations leads to the origin of many characters (for examples of adaptive radiations in flowering plants, see Classen-Bockhoff et al., 2004) . The net number of lineages arising from a radiation of adaptations is not important and adaptive radiations can therefore contain a relatively small number of species (e.g. the adaptive radiation of 28 species of Hawaiian silverswords; Schluter, 2000) .
PROBLEMS WITH THE DEFINITION OF 'RADIATION'
Questions about the diversity of evolutionary groups are questions about variation in speciation and extinction (i.e. diversification rate), which leave their signatures in the shapes of phylogenetic trees (Mooers & Heard, 1997) . Dated phylogenetic trees provide important insights into the tempo and mode of evolution of clades (Glor, 2010) . If, in such a tree, many lineages arise in a short period of time, it might be concluded that a radiation has taken place. However, this conclusion is highly dependent on the meaning of the vague concepts 'many lineages' and the definition of 'a short period of time' (Gittenberger, 2004) . At lower taxonomic levels, the concept 'many lineages' is often equated with 'species rich'. This term covers a wide range between, for example, 62 species of Camissonia Link in Onagraceae (Levin et al., 2003) , 1000 species of Impatiens L. (Janssens et al., 2009) and 2000 species of Euphorbia L. Next to this, the scope of the 'short time' for a radiation to take place is equally broad. At a macroevolutionary scale, a radiation can take tens of millions of years (Erwin, 2006) . At a microevolutionary scale, the term radiation has, for instance, been applied to time frames of ten million years in the case of Inga Mill. (Richardson et al., 2001) , three million years for finches colonizing the Galápagos islands (Grant & Grant, 1996) or 100 000 years in cichlid fishes (Verheyen et al., 2003) . The comparison of sister groups redefines evolutionary success (i.e. species richness) in terms of relative size rather than absolute size (Raikow, 1988; Slowinsky & Guyer, 1993) , and rates of speciation and extinction are examined in the context of their relative and not absolute ages (Raikow, 1988) . The use of sister groups therefore resolves the two above-mentioned problems. Sister-group comparison is a useful tool for this because sister clades are monophyletic, comparable in most basic aspects of their biology (although they can be different) and of the same age. This approach also eliminates rank-based and other taxonomic artefacts (Sanderson, 1998) , eliminating any investigator bias (Brooks & McLennan, 2002) . If differences between sister groups are found, there is evidence for differential rates of diversification in one group over another (Brooks & McLennan, 2002; Losos & Miles, 2002) . Because the use of sister-group comparison is essential to radiation research, the definition of radiation will be extended and defined as 'the evolution of a relatively large, monophyletic group of species or higher taxa within a relatively short period of time, compared with closely related monophyletic (sister) groups'.
DIVERSIFICATIONS IN ANNONACEAE
Few studies have focused on the superorder Magnoliidae (sensu Chase & Reveal, 2009 ; 10 000 species or 4% of all flowering plants) for the investigation of species-rich clades. Excluding the early diverging Amborella Baill., Nymphaeales and Austrobaileyales, Magnoliidae, together with Chloranthaceae, is sister to the rest of the angiosperms (APG III, 2009) from which it diverged some 120-130 Mya (Wikström, Savolainen & Chase, 2001; Bell, Soltis & Soltis, 2010) . Thus, the analysis of patterns of diversification in Magnoliidae provides a contrast with studies that have focused on more derived clades of flowering plants, such as asterids (Bell & Donoghue, 2005; Moore & Donoghue, 2007) , rosids (Wang et al., 2009; Couvreur et al., 2010) or monocots (Merckx et al., 2008; Couvreur, Forest & Baker, 2011a) .
Within Magnoliidae, the pantropically distributed Annonaceae is by far the most genus-rich family, with 110 genera and c. 2400 species (Couvreur et al., 2011b; Chatrou et al., 2012) , and the third richest in terms of species [behind Piperaceae (five genera, c. 3100 species) and Lauraceae (50 genera, c. 2500 species)]. In Annonaceae, 10 genera are considered as species rich, i.e. with > 100 species (see table 2 in Chatrou et al., 2012) . Numerous phylogenetic studies during the past decade have led to an overall good understanding of relationships in this family (e.g. Mols et al., 2004; Richardson et al., 2004; Pirie et al., 2006; Couvreur et al., 2008b Couvreur et al., , 2011b Erkens, Maas & Couvreur, 2009; Zhou et al., 2010; Surveswaran et al., 2011; Chatrou et al., 2012) . This provides a solid framework to study diversification patterns in order to identify factors that drive speciation and the evolution of morphological key characters in the family. Coupled to this, several family-wide molecular dating analyses have been undertaken, leading to a good understanding of the temporal dimensions of its evolution (Richardson et al., 2004; Couvreur et al., 2011b; Pirie & Doyle, 2012) . Finally, the taxonomy of the family is well advanced as much revisionary work has been published in recent years (e.g. Saunders, 2002 Saunders, , 2003 Maas, Westra & Chatrou, 2003; Maas, Westra & Vermeer, 2007; Saunders & Munzinger, 2007; Mols et al., 2008; Couvreur, 2009; Schatz & Maas, 2010; Botermans et al., 2011; , which provides a good knowledge of generic limitations and species, although several problems remain. Couvreur et al. (2011b) recently undertook the first investigation of diversification rates in the family (and Magnoliales in general) using lineage-throughtime plots and a maximum likelihood approach to test the null hypothesis of constant diversification rate versus a variable rate change in diversification.
However, their focus was to test hypotheses that might explain diversification and distribution patterns in tropical biota in general. This study focuses specifically on patterns in Annonaceae by comparing clades using topological and temporal methods of diversification analyses to pinpoint radiations of species. Major questions we wanted to address were: what genera within this family can be identified as having undergone a radiation?; can all species-rich genera in Annonaceae be considered as resulting from a radiation, or are smaller genera also possibly the result of this process, as hinted at by Couvreur et al. (2011b) ? The results were then confronted with family-level morphological data to investigate whether any single factor or simple combination of factors might be associated with major diversification rate shifts in the family.
MATERIAL AND METHODS

PHYLOGENETIC TREE
One of the most parsimonious trees from an analysis by Chatrou et al., 2012 (data not shown) was chosen as the basis for the analyses and taxa were pruned so that only one species per genus was represented (serving as a 'place holder' for the genus), except in the case of a (possible) paraphyletic constitution when two species per genus were retained (Fig. 1) . This was performed to correct for bias in clade composition as a result of the different numbers of species sampled per genus (for a discussion on the different approaches to this topic, see Smith et al., 2011) . Because the resulting topology is derived from existing phylogenetic hypotheses, no in-depth discussion of recovered relationships is given here (for this discussion, see Couvreur et al., 2011b; Chatrou et al., 2012) . Of 109 genera (Couvreur et al., 2012; Erkens, Mennega & Westra, 2012) 75 (c. 70%) are represented in this study and all major clades were sampled (including the 10 largest genera). It should be noted, however, that, because of recent sampling efforts, the tree published by Chatrou et al. (2012) contains 99 genera and should be consulted for recent advances in the phylogenetic relationships in the family. Unfortunately, these additional taxa could not be incorporated into this study because of time constraints. The influence of this is discussed below.
NODE AGES
The temporal method described below uses absolute node age estimates, and therefore dates for all nodes in the phylogenetic tree were taken from Pirie & Doyle (2012, see this paper for a discussion on dates). Genera for which no crown group age could be esti- 
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mated (because of the presence of only one accession in the dated tree) were not assigned an age.
SPECIES RICHNESS DATA
Species richness data were taken from Chatrou et al. (2012) , who based their inventory on recent literature (Erkens et al., 2012) . Where genera proved to be polyphyletic and no justification could be given for a particular distribution of numbers of species per clade, the total species diversity was distributed equally over the different clades.
No complete species-level phylogenetic tree exists for Annonaceae and, with the topological method, no correction is possible for the numbers of species per place holder. For this reason, the method cannot be used to investigate species-level diversification patterns; only genus-level analyses can be conducted. Therefore, a second (temporal) method was applied that can account for the amounts of species represented by the place holder taxon.
TOPOLOGICAL METHOD
A measure for imbalance in species numbers per node in a tree was proposed by Slowinsky & Guyer (1993) . This measure has been extended from individual nodal probabilities to whole-tree tests (Chan & Moore, 2002; Moore, Chan & Donoghue, 2004) because a single node does not represent the structure of the whole tree (Fusco & Cronk, 1995) . These tests of diversification rate variation are based on cumulative equal-rates Markov (ERM) probabilities, outcomes are reported as M statistics (M S, MS*, MP and MP*) and the P values obtained are called ERM nodal probabilities (for further explanation, see Methods S1 in Supporting Information). The M statistics are intended to provide differential sensitivity to asymmetry arising at different phylogenetic scales (i.e. the relative nodal depth in the tree), permitting their application to a corresponding range of associated evolutionary processes. The M statistics cannot indicate where in the tree the rate shifts have occurred. Therefore, D 1 and D2 shift statistics were calculated. These statistics indicate the probability of a diversification rate shift along an internal branch of a local three-taxon tree comprising a local outgroup and the two earliest diverging ingroup clades. The computer program Symmetree v1.1 (Moore et al., 2004) was used for all calculations. A more in-depth discussion of M and the D 1 and D2 shift statistics is given in Chan & Moore (2002) and Moore et al. (2004) .
For comparison, two often used tree shape indices are also reported (for an explanation of these indices, see Methods S1): IC (Colless' index; Colless, 1982; Heard, 1992) and B1 (Shao & Sokal, 1990) . The sensitivity of all discussed whole-tree statistics to largescale diversification rate variation increases from B1 via MS, MS*, MP, MP* to IC. Inconsistencies between the IC, B1 and M statistics do not indicate faults of the indices, but reveal the fact that they embody different definitions of imbalance (Shao & Sokal, 1990) .
TEMPORAL METHOD
The formula log(N)/t was applied to estimate the net diversification rates (R) for each clade, where N is the number of species within a clade and t is the absolute time since that clade diverged from its sister (Isaac, Agapow & Harvey, 2003) . Shifts in diversification rates per branch were assessed. This was performed by subtracting the R value of the stem node from that of the crown node of a branch (Isaac et al., 2003; Davies et al., 2004) . This resulted in the so called maximum likelihood estimate of shift in diversification rate (log N) rate shifts (Davies et al., 2004) . This method shows rate changes per branch in the tree and makes it possible to identify the clades with the largest positive or negative changes in rate. Furthermore, when average shifts in R are plotted against the age of the nodes in the tree, it is possible to investigate whether significant shifts in R have occurred during any particular time window.
Whether diversification rates were conserved among close relatives was tested with the use of randomization tests. Species numbers of genera were randomized 100 times among the tips of the tree. For each randomization trial, R per node was recalculated as well as the sum of all the log N rate shifts between the stem and crown node of a branch. If diversification rates were conserved among close relatives, the sum of the observed shifts in diversification rates across the tree should be lower than among random trials shuffling species numbers among genera (Davies et al., 2004) .
CHARACTERS CORRELATED WITH BIOTIC AND ABIOTIC RATE SHIFTS
Possible relationships between character evolution and detected shifts in diversification rates were explored by eye. Convincingly accepting or ruling out key innovations as an explanation would require more formal reconstructions of character evolution and the assessment of many more characters, which is beyond the scope of this article. The data used related to leaf architecture (Johnson, 2003) , leaf anatomy (Van Setten & Koek-Noorman, 1986 ), flower and fruit morphology (Koek-Noorman, Setten & Zuilen, 1997), chromosome numbers (Morawetz & Waha, 1985) , anther development (Tsou & Johnson, 2003) , pollination characteristics (Gottsberger, 1999) , evolution of fragile exines (Waha, 1987) , pollen characters (Doyle & Le Thomas, 1997) , different trichome types, lianas and styles (Chatrou, Koek-Noorman & Maas, 2000) , bilobed arils and different shapes of the floral receptacle (Johnson & Murray, 1995) , oil composition (Maia et al., 2005a, b) and orbicules (Huysmans et al., 2010) . A more elaborate discussion on morphological evolution in Annonaceae is given in Chatrou et al. (2012) .
RESULTS
TOPOLOGICAL METHOD
M statistics and IC and B1 indices were calculated (Table 1 ). The smallest P values obtained for the tree in Figure 1 were returned by MP, MP* and IC, suggesting that significant diversification rate variation occurred at intermediate to larger phylogenetic scales (i.e. not near the tips or at the root of the tree). The D1 and D2 shift statistics (Table 2) revealed three significant diversification rate shifts at intermediate scale (indicated in Fig. 1 with an arrow) . The first occurred in Annonoideae (former long branch clade of Richardson et al., 2004; Chatrou et al., 2012) at the origin of a strongly supported clade (arrow 3), here referred to as Clade A (containing the Annona L. group, Isolona Engl. and Monodora Dunal and a clade consisting of species with a climbing habit). The second rate shift occurred in Malmeoideae (former short branch clade of Richardson et al., 2004; Chatrou et al., 2012) at the base of a strongly supported clade that accommodates almost all genera of Malmeoideae Uncertainty associated with polytomies was assessed by investigating all possible alternative combinations of dichotomous resolutions, providing the upper and lower bounds of the confidence interval (the 'high' and 'low' values for high and low symmetry). These bounds correspond to the tail probabilities for the 0.025 and 0.0975 frequentiles, respectively. For Annonoideae, no confidence interval was calculated because this tree was completely resolved, and therefore singular values for this topology are indicated. The sensitivity of the whole-tree statistics to large-scale diversification rate variation increases to the right across a given row (i.e. the sensitivity of B1 < MS < MS* < MP < MP* < IC). Resolution was calculated as k/(n -1), where k is the number of nodes in a tree of n tips; this value implicitly assumes that the underlying tree is strictly dichotomous (i.e. all polytomies are 'soft'). D1 and D2 were calculated on the basis of the total tree and the subtrees for Malmeoideae and Annonoideae. Shifts are indicated in Figure 1 by a numbered arrow (numbers correspond to the branches in Three different analyses (whole tree, Malmeoideae only and Annonoideae only) proved to be insensitive to the specification of taxonomic scope (Table 2) , because all D1 and D2 analyses yielded the same result (i.e. irrespective of whether the analysis was applied simultaneous to the whole tree or separately to Malmeoideae or Annonoideae). This indicates that shifts within more nested clades did not influence the estimates obtained from more inclusive clades.
TEMPORAL METHOD
Significant increases and decreases in diversification rates were identified. Only including internal branches, three showed a significantly increased diversification rate when compared with all other branches (P < 0.05; Fig. 1 , open star; Fig. 2A ; Table 3 ) and one branch showed a significant decrease in rate (P < 0.05; Fig. 1 , open star; Fig. 2A ; Table 3 ). However, this decrease occurred along a branch that was unsupported and towards a clade to which the number of species was estimated (because of taxonomic uncertainty, the number of species of Polyalthia Blume in this clade is unknown). When terminal branches were included, the previously mentioned rate shifts were nonsignificant, but shifts in diversification rate along several terminal branches were significant (P < 0.05; Fig. 1, filled star; Fig. 2B ; Table 3 ). The branches leading towards the crown groups of Goniothalamus Hook.f. & Thomson, Stenanona Standl., Isolona and Monodora, respectively, showed significant increases in diversification rate (Table 3) , much larger than the significant increases when the terminal branches were excluded. The largest genus in the family, Guatteria, showed a marginally nonsignificant increase in diversification rate. No significant decrease in rate was observed in this second analysis.
The branch leading towards Malmeoideae as a whole showed a negative rate shift (-0.003410) and the branch subtending Annonoideae showed a positive rate shift (0.003738), but these shifts were not significantly different from the average rate shift (Fig. 2) . The same was true for the branches subtending the Anaxagorea A.St.-Hil. clade (0.008704) and Ambavioideae (-0.012310; P < 0.05; terminal branches included: average, 0.022313; SD, 0.061589; terminal branches excluded: average, 0.004612; SD, 0.027794; see also Fig. 2) .
The detected diversification rates were not significantly phylogenetically heritable between related lineages when the terminals were excluded, as shown by the randomization tests. The sum of rate shifts for the tree in Figure 1 (0.415113) was not significantly different from the randomized rate shifts (average, 0.364339; SD, 0.106862; P < 0.01; Fig. 3A ). This means that sister clades are not more likely to have similar species numbers than two clades chosen at random. Furthermore, when branches leading to the crown group of genera for which the age could be determined were included, the sum of rate shifts for the tree in Figure 1 (3.012272) was significantly higher than those from the randomized rate shifts (average, 1.825309; SD, 0.348024; P < 0.01; Fig. 3B) . Lower values are expected in comparison with randomized tests when rates are phylogenetically heritable between related lineages; thus, both randomization tests indicate that no phylogenetically heritable component is present in the rate shifts in Annonaceae.
When a correlation coefficient (r) was calculated, it was clear that the average diversification rate shifts within Annonaceae have been increasing from the past to the present (r = -0.79 and r = -0.72; Fig. 4A,  B) . The most recent time frame showed a significantly higher average shift in diversification rate (with and without terminal branches included) than any other time frame.
DISCUSSION
Imbalance and shifts in diversification rate can be used to study evolutionary processes. The radiation of a clade, for instance, results in an imbalanced tree, or the branch leading towards a radiating clade exhibits a higher diversification rate in comparison with a clade that has not radiated (Sanderson & Donoghue, 1994) . After the identification of radiating clades, (a)biotic explanations can be sought for the observed patterns in (im)balance (Mooers & Heard, 1997) .
RADIATIONS IN ANNONACEAE
Significant imbalance was revealed in net diversification rates among Annonaceae lineages by the topological method, and this imbalance was mainly located in Malmeoideae (Table 1) along the branches leading to Clade A, Clade B and the miliusoid clade (Fig. 1) . No significant among-lineage diversification rate variation within Annonoideae was detected, except for the branch at the base of Clade A (Fig. 1) . This single rate shift was insufficient to cause Figure 1 by a star. Nodal support values were obtained from Chatrou et al. (2012) . Values in parentheses after clade names when terminal branches are excluded indicate the position of the rate shift in the rate shift ranking when terminals are included.
For Isolona and Monodora syncarpy might be inferred as a putative key-innovation. However, the reconstructed changes in diversification rates are an artefact of undersampling as explained in the text. Therefore, no characters are mentioned in the table as putative key-innovations.
rejection of the null hypothesis that Annonoideae as a whole diversified under a stochastic branching model. In general, this is true for most of the speciation in Annonaceae. This supports a recent study showing that the diversification of Annonaceae was not severely affected by the events of the CretaceousPalaeogene boundary, and that Malmeoideae and Annonoideae have a constant rate of diversification (Couvreur et al., 2011b) . However, that study indicated no major shifts of diversification throughout the evolutionary history of the family, whereas here three such shifts were detected (Fig. 1 ).
Annonoideae and Malmeoideae together comprise the majority of the genera and species in Annonaceae. Annonoideae and Malmeoideae both consist of approximately 50 genera, but the number of species is different (c. 700 vs. c. 1600 species for Malmeoideae and Annonoideae, respectively; Couvreur et al., 2011b) . In addition, Annonoideae includes the 10 largest genera of the family, comprising c. 1000 of its 1600 species. The cause for this AnnonoideaeMalmeoideae difference is not understood. The topological method did not indicate any significant imbalance between Annonoideae and Malmeoideae. Furthermore, the temporal method indicated that the difference in species richness was not attributable to an increase in diversification rate along the stem lineages of these clades. However, a recently reported Figure 3 . Results of randomization tests conducted to test whether log N rate shifts were phylogenetically conserved (specifications as explained in the text). The number of summed shifts in diversification rate per rate shift class is shown. The star indicates the class containing the sum of rate shifts for the tree in Figure 1 . A, Internal branches only; B, internal branches and terminals. Figure 4 . Average log N diversification rate shifts within ten million year time windows. A, Internal branches only; B, internal branches and terminals. Average changes in diversification rates increase with decreasing age (r = -0.79 and r = -0.72 for A and B, respectively; r = correlation coefficient). Only within the most recent time frame is the average rate shift significantly higher than the average shift over all time windows (P < 0.05).
younger age for the crown node of Malmeoideae (based on Bayesian dating) might alter this picture (Erkens et al., 2009; , although this should be studied further (Couvreur et al., 2011b; Pirie & Doyle, 2012) . The temporal method uncovered a small increase in diversification rate at the base of Annonoideae and a small decrease at the base of Malmeoideae, but neither change was significant. The distribution of significant log N rate shifts between these clades differed. Four of the five largest increases in diversification rate occurred in Annonoideae and only one in Malmeoideae (and the latter in a poorly supported part of the tree, rendering this result questionable). However, these four radiations did not produce the bulk of the species present in Annonoideae, a result similar to that of Couvreur et al. (2011b) . Of the 10 largest genera in the family (Annona, Artabotrys R.Br., Duguetia A.St.-Hil., Fissistigma Griff., Friesodielsia Steenis, Guatteria, Goniothalamus, Monanthotaxis Baill., Uvaria L. and Xylopia L.), only Goniothalamus constituted a radiation of species under the methods used for this study. Such a result was also supported by the study of Couvreur et al. (2011b) . Furthermore, Guatteria, the largest genus in the family (Erkens et al., 2007a; Erkens, Westra & Maas, 2008) did not (although only marginally nonsignificant) constitute a radiation. In relation to its sister group, Guatteria is smaller (200-250 Guatteria species vs. c. 700 species for Clade A) and the clade might actually be seen as species poor. This lack of species might be the result of the extinction of early lineages of Guatteria in the Miocene (Erkens et al., 2007b (Erkens et al., , 2009 ), leading to a long branch in the phylogenetic tree. Taking this extinction into account, these clades might actually have been more balanced.
In Annonaceae, clade size is not a good predictor for the onset of a radiation, and this study illustrates again that the size of a group of organisms is not a priori evidence that the group arose from nonrandom speciation and/or extinction (Slowinsky & Guyer, 1993) .
CHARACTERS ASSOCIATED WITH RADIATIONS
Invoking key innovations is controversial. A key innovation can be defined as an aspect of the organismal phenotype that promotes diversification (many other definitions exist, however; Hunter, 1998) . The rationale is that a shift in diversification rate can be coupled to the evolution of a presumed key character along the same branch (Sanderson & Donoghue, 1994) . However, these correlations should be made with great care, as traditionally this process simply entails the identification of whichever feature of a group seems to be most distinctive (Slowinsky & Guyer, 1993) . Furthermore, a lack of replication prevents statistical testing of the putative key innovation (Schluter, 2000) . Even if replication is achieved, it is possible that a character that is causally involved in increasing diversification rates in one clade might not have the same effect in another clade (Brooks & McLennan, 2002) . This is because key innovations by themselves are not a sufficient reason for biological expansion, as evolution always occurs in a context (Hunter, 1998) . In this article, we do not provide a comprehensive study of all factors possibly functioning as key innovations, but, rather, a simple survey to pinpoint single (or a combination of simple) factors that might be associated with the detected significant rate shifts in the family. It should be further tested whether these characters are indeed responsible for the detected radiation.
The topological method indicates imbalance at the base of three clades. Clade A has one clear leaf architectural synapomorphy (Johnson, 2003) . The whole clade has distichous trunk phyllotaxis (only otherwise found in Anaxagorea and Cleistopholis Pierre ex Engl., the latter belonging to the early diverging subfamily Ambavioideae), whereas the other genera have a spiral arrangement. For Clade B, as a whole, no clear synapomorphies exist, although there is a strong geographical structure, in contrast with Annonoideae. Next to a strongly supported Neotropical clade, it contains the South-East Asian miliusoid clade, at the base of which the third imbalance occurs. The miliusoid clade is found to be separated from the rest of Malmeoideae by several pollen characters. The miliusoid taxa have globose, cerebroid or echinate, disulcate pollen, whereas other Malmeoideae have monosulcate, perforate to reticulate, boat-shaped pollen . The clade is not completely South-East Asian as it contains a small clade of Central American genera (Richardson et al., 2004) . Because of the geographical structure in Malmeoideae, Clade B and the miliusoid clade might be species rich as the result of a radiation after a founder event.
The temporal method indicates four significant rate shifts among genera. The largest is along the stem branch of the South-East Asian genus Goniothalamus (Table 3 ; Saunders, 2002 Saunders, , 2003 Saunders & Munzinger, 2007; Nakkuntod et al., 2009 ). Although we detected a significant rate shift, the overall diversification rate calculated for the genus based on the stem age was not amongst the highest found in the family (Couvreur et al., 2011b) . However, this result was based on estimations from the stem node (in contrast with the crown node ages used here), which could induce some bias concerning the origin of all extant taxa in the genus. Although none of the flower or fruit characteristics is remarkable in terms of evolutionary innovations in Annonaceae, it is known that fruit and seed structure is extremely diverse in Goniothalamus, presumably reflecting differing frugivores and seed dispersal mechanisms (Nakkuntod et al., 2009) . Thus, it might be hypothesized that divergent selection on fruit and seed dispersal mechanisms might be a driving factor for speciation in this genus.
With respect to geography, it should be noted that, although the topography of South-East Asia (and, especially, its island archipelagos) is conducive to allopatric speciation, there is no obvious reason why Goniothalamus should have diversified so much more rapidly than other genera in the same region. Species of Annonaceae, including Goniothalamus spp., often have narrow distribution patterns. There is somewhat equivocal evidence to suggest that a smaller geographical range size in birds is associated with higher rates of diversification (Isaac et al., 2003) . This conclusion is opposite the general view that the probability of allopatric speciation increases with range size (Rosenzweig, 1978) . The factor range size should be further explored to see whether this ecological variable has any correlation with the patterns found in Annonaceae.
The second largest shift in diversification rate occurs along the stem towards the Central American genus Stenanona (Table 3 ). This genus is part of a small clade of seven Central American genera that is embedded in the large South-East Asian miliusoid clade Couvreur et al., 2011b; Chatrou et al., 2012) . Stenanona is found from Mexico (Veracruz) to Colombia (Nariño). In the field, it is easily recognizable by the dramatically long drawnout, aristate petal apices, a synapomorphy for the genus (Schatz & Maas, 2010) . This petal morphology, in combination with the pink to blood red colour of the flower, is suggestive of a fly pollination syndrome (Schatz, 1987) . If so, this would be one of the few cases of nonbeetle pollination in the family (Gottsberger, 1999; Saunders, 2012) , and perhaps a cause for the radiation of the genus. Stenanona was also identified as having one of the highest diversification rates in Annonaceae in a previous study (Couvreur et al., 2011b) .
The shift in diversification rate along the stem branch of Stenanona indicates a radiation of species and, possibly, one of the adaptations as described above. However, the unsupported topology of this part of the tree in Figure 1 warrants caution. In addition, for many terminal taxa in Malmeoideae, the age of their most recent common ancestor is unknown (e.g. the sister group of Stenanona, Desmopsis Saff. p.p and Stelechocarpus Hook.f. & Thomson). An accurate estimate of the rate shifts along these terminal branches cannot therefore be given (Fig. 1) . Further conclusions on the putative radiation of Stenanona should therefore be postponed until age estimates for these taxa have been obtained and support values are sufficiently high.
In conclusion, the few shifts in diversification rate that occurred in the evolutionary history of Annonaceae are not easily linked to presumed key innovations. Annonaceae is not the only group for which it has proven to be difficult to correlate biotic (and abiotic) factors to shifts in diversification rate. Because of this difficulty, there has been a recent renewal of interest in the hypothesis that cladogenesis may be random, or nearly random, with respect to the intrinsic biology of the organisms (Ricklefs, 2003; Davies et al., 2004) .
SAMPLING AND DIVERSIFICATION ANALYSES
The temporal method indicates that nodes in more recent time periods tend to display greater rate shifts than older nodes (Figs 1, 4B ; Table 3 ). Several explanations can be given for this result. For instance, this could be a consequence of frequent shifts in diversification rate, whereby differences between recent clades can be detected, but these tend to average out at deeper levels. Another explanation could be that two sister clades with balanced species numbers are joined by a relatively long stem branch. This would lead to a reconstructed high rate in both sister clades relative to the rate expected for their nesting clade, a situation not recognizable from topology alone (Davies et al., 2004) . Incomplete taxon sampling (or extinction) could thus be a confounding factor with respect to the balance of the tree in Figure 1 , and has been shown to bias the outcome of other analyses. This is because oversampled clades will tend to have shorter branches than undersampled clades (Savolainen et al., 2002) . Recent data collection has shown that the long branches subtending Goniothalamus (Nakkuntod et al., 2009; Couvreur et al., 2011b) and Guatteria (Erkens et al., 2009) are not the result of undersampling. However, for Isolona and Monodora, the effect of undersampling is clear. The branch leading to this clade is relatively long and both genera are reconstructed here as having a significant rate shift (Table 3) . Further sampling of the African Long Branch Clade has broken up this branch (Couvreur et al., 2008a (Couvreur et al., , b, 2011b ), but reveals no major topological changes. The newly added genera form a monophyletic group with Isolona and Monodora, thus not influencing internal branch lengths at deeper levels. Indeed, adding these unsampled genera to the analysis shows that there is no significant rate shift in this clade (data not shown). In addition, some estimated crown node ages are older (Couvreur et al., 2008a) than others (Pirie & Doyle, 2012) . These older estimates allow more time for speciation and the gradual accumulation ANNONACEAE RADIATIONS AND KEY INNOVATIONS 129 of species. This example again clearly demonstrates that detected rate shifts should not be taken at face value, and that undersampling (or, more worryingly, extinction) can always influence the analysis.
CONCLUSIONS
All reconstructed shifts in diversification rate occur in strongly supported parts of the phylogenetic tree for Annonaceae, rejecting phylogenetic inaccuracy as an explanation for their origin. It is clear that (except for Goniothalamus) the largest genera in the family are not the result of radiations. In addition, the difference in species numbers between subfamilies Annonoideae and Malmeoideae cannot be attributed to significant differences in diversification rates along the stem branches of these clades. In general, most of the speciation in Annonaceae was not discernible from a stochastic branching model (i.e. chance). Annonaceae represents another example underlining the difficulties in understanding the variation in clade richness in terms other than stochasticity. This means that no special explanations are necessary for the distribution of species richness across a major part of the phylogenetic tree for Annonaceae. It has already been suggested that moderately low rates of dispersal (sufficiently low to interrupt gene flow, but sufficiently high to allow the occasional colonization of new habitats) can result in the highest rates of speciation (Givnish & Systma, 1997) and lead to large clade sizes. Because of the geographical structure in Malmeoideae, some clades might be species rich as the result of a radiation after a founder event. Indeed, if this is the cause for the species richness pattern observed here, it should be investigated further.
Furthermore, large clade sizes in Annonaceae have not resulted from key innovations having influenced the rate of diversification. Only for some clades (e.g. Clade A, Stenanona or Goniothalamus) might key innovations be invoked to explain the elevated rate of diversification. However, convincingly accepting or ruling out key innovations as an explanation would require more formal tests of morphological characters and phylogenetic correlation (Moore & Donoghue, 2007 , 2009 ), the assessment of many more morphological characters and, of course, a better species-level sampling of Annonaceae. Finally, it would also be interesting to apply new maximum likelihood methods to the study of diversification shifts in order to see how these methods compare with those used here (Rabosky et al., 2007; Alfaro et al., 2009) .
